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TECHNICAL NOTE D-
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SUMMARY

_<perimentally determined data on the magnitude of wall pressure

fluctuation levels for turbulent boundary layers are presented in this

report. The measurements were made on the sidewall of the Trisonic

One-Foot Tunnel of the Douglas Aerophysics Laboratory which was

modified to eliminate background noise in the test stream normally

associated with choked flow over the pressure control valve. A small

condenser microphone was used which limited measurements to frequencies

below 88,000 cps, a range to which practical vehicle structure can

respond. Results are presented for the zero pressure gradient or flat

plate boundary layer on an insulated surface for free stream Mach

numbers of .43, -59, .86, 1.41, 1.80, 2.5_ and 3.46 and Reynolds number

based on momentum thickness in the range lh x 103 <Rod 50 x 103. These

results are in agreement with other measurements at subsonic speeds and

indicate a spectral distribution which is flat to values of non-dimen-

sional frequency f 5*/u = 0.45 and a truncated fluctuation level of

_T 2/ _'o m 2.8. At supersonic speeds, the spectra also are flat to
/=n=g

values of fO/u_ _ 0.15 with truncated overall levels of _/f_pT_:,'I-°

_-1.2 to 1.7. At Mach 3.46, the effects of various strength shock

waves impinging on the boundary layer, surface roughnesses and surface

pressure gradients on the magnitude of wafal pressure fluctuation are

shown to increase the truncated levels by factors of 5 to 20 times the

level in the undisturbed boundary layer.

* Douglas Aircraft Cc_pany, Inc.

g_ Bolt Beranek and Newman Inc.



INTRODUCTION

The high speed motion of a vehicle through a gas is resisted by

the action of viscosity. This resistance is generated in a thin region

near the surface of the vehicle, the boundary layer, in which large

mean velocity gradients normal to the surface exist. Under conditions

of major interest, the Reynolds number is large enough so that the

motion within the boundary layer is turbulent; i.e., unsteady or fluc-

tuating velocities of a random nature are superimposed on the mean

motion. These fluctuating velocities produce pressure fluctuations

which are evident as sound associated with the turbulence and as a

fluctuating force acting on the vehicle surface. The vehicle designer

is greatly interested in the magnitude of this fluctuating force since

it can cause vibration of the structure which can contribute to fatigue

failure and generate sound within the vehicle (ref. 1). Hence the

designer must provide proper treatment for protection of passengers

and equipment. The problem is particularly important for designers of

advanced vehicles such as supersonic transport aircraft (ref. 2) and

manned spacecraft.

The mechanism of noise generation for turbulent flows over rigid

surfaces has been studied theoretically by Curle (ref. 3) and Phillips

(refs. _ and 5) while theories on noise radiated by flexible flat

plates excited by turbulent boundary layers have been presented by

Corcos _ud Liepmann (ref. 1), Ribner (ref. 6) and Kraichnan (ref. 7).

Dyer (ref. 8) and Tack and Lambert (ref. 9) have considered the

response of plates and bars subjected to boundary layer pressure fluc-

tuations using the approach suggested by Lyon (ref. 10).

All of these theoretical treatments require empirical information

on the characteristics of the pressure fluctuation field. Most labora-

tory measurements of wall pressure fluctuation characteristics have

been made on smooth, rigid surfaces. The measurements of Willmarth

(ref. ll) and Harrison (ref. 12) were made at subsonic speeds for the

case of zero pressure gradient flow (flat plate) on a smooth surface.

Skudrzyk and Haddle (ref. 13) made measurements at subsonic speeds on

the wall of a water tunnel and on a rotating cylinder with both a

smooth and rough surface (sandpaper type roughness). Kistler and Chen

(ref. 14) and Williams (ref. 15) measured the fluctuating pressure

field on smooth surfaces with zero pressure gradient flow at supersonic

speeds. Unfortunately for the vehicle designer, the results show a

rather wide variation - particularly between the subsonic and super-

sonic measurements. To further complicate the designer's dilemma,

measurements made in flight by Von Gierke (ref. 16), Mull and Algrantl

(ref. 17, 18), McLeod and Jordon (ref. 19) Hilton et.al. (ref. 20)3

Shattuck (ref. 21) and McLeod (ref. 22) indicate that it is not

possible generally to relate the laboratory results directly to flight



measurements.Thusthe present experimentalprogramof wind tunnel
measurementswasinitiated in order to: (i) examinethe Machnumber
effect onwall pressurefluctuations for zeropressuregradient flows
at both subsonicandsupersonicspeedsin a single experimentalset-up;
and(2) introduce into the laboratory experimentssc_eof the elements
of non-uniformflow suchas surface roughness,pressuregradient and
shockwaveimpingementwhichexist for practical vehicle configurations
onwhichflight measurementsweremade.

Theneedfor improvedinformation onboundarylayer pressurefluc-
tuations increasesin urgencywith the adventof supersonictransport
vehicles since the dynamicpressurecorrespondingto cruise (at 60,000-
70,000feet altitude) is greater by a factor of two to three than exist-
ing subsonictransports (at 30,000feet altitude). Thelocation of
critical regionsof high fluctuation levels mayrequire special treat-
mentfor protection of vehicle structure, equipmentandpassengers.
With theseapplications in mind, the emphasiswasplacedon obtaining
measurementsin the frequencyrangeto whicha structure can respond.

A small condensermicrophonewasusedas the pressuretransducer,
thereby eliminating the problemsof vibration sensitivity that are
encounteredwith piezoelectric transducers. Althoughthe useof such
a transducer(effective surfacediameterof approximately0.13 inch)
meant that the investigation was restricted to the relatively lower

frequency range, and that no direct measure of overall pressure fluc-

tuation level could be obtained, it was believed that the results would

be useful in the frequency range of primary interest in practical

vehicle design problems.

SYMBOLS

2
area of microphone diaphragm, in

speed of sound, ft/sec

constant in eq. C2_ dimensionless

cf skin friction coefficient =

• 2
da element of area, in

To/q, dimensionless

diameter of microphone diaphragm, inches

D
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effective diameter of microphone diaphragm,

frequency of pressure fluctuations, cps

pressure spectral density

form parameter = 5*/@, dimensionless

inches
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Bessel function of the nth order, dimensionless

Mach number : u/a, dimensionless

steady pressure, ib/in 2

pressure amplitude of a plane progressive wave, ib/in 2

fluctuating pressure, Ib/in 2 or db re 2.9 x 10 -9 Ib/in2( .0002
microbar)

increment of overall pressure fluctuation level for limited

frequency range

Prandtl number, dimensionless

dynamic pressure, ib/in 2

temperature recovery factor =

T -T
W e

Tte - Te
, dimensionless

radius in polar coordinates, inches

Reynolds number based on momentum thickness, dimensionless

heig_ht of roughness element, inches, or time, seconds

temperature, deg. Ranklne

velocity of fluid, ft/sec

output of microphone, volts

longitudinal distance, parallel to tunnel cente1_ine, with x = 0

at center of sidewall insert, inches

longitudinal distance along centerline of pressure gradient

generator, inches

transverse distance, normal to sidewall, with y = 0 at the wall,
inches

distance from centerline to contour of pressure gradient genera-

tor, inches

angle between tunnel centerline and shock generator surface,
degrees

ratio of specific heats, dimensionless, ( y = 1.4)



5

6"

@

h

V

P

a(r)

ao

*/'o

q,

e

i

n

t

W

Y

(ZIO

boundary layer thickness, defined as y at u/u e = 0.99, inches

boundary layer displacement thickness, inches

boundary layer momentum thickness, inches

wave length, inches

absolute viscosity, lb-sec/ft 2

angle between tunnel centerline and expansion generator surface,

degrees

density, lb-sec2/ft 4

sensitivity function, volts/in 2 - Ib/in 2

sensitivity constant, volts/in 2 - lb/in 2

wall shearing stress, ib/in 2

angular frequency, rad/sec

angle in polar coordinates, degrees

SUBSCRIPTS

condition at edge of boundary layer

incompressible conditions

condition at microphone; i.e., n = l, 3, 4, 5, 7, 8, Ii

stagnation condition

condition at wall

condition at y inches from wall

freestream condition

reference condition

SUPERSCRIPT



APPARA_SANDTESTPROCEDURE

WindTunnel

Themeasurementsweremadeon the sidewall of the Trisonic One-
Foot Tunnelof the DouglasAerophysicsLaboratory. Thetunnel is a
blowdown-to-atmospherefacility operatingover the Machnumberrange
0.2 to 3.5. Machnumberin the tunnel is generatedby fixed nozzle
blocks at supersonicspeeds. Speedsin the subsonicandtransonic
rangeare controlled by changingthe area of a secondthroat downstream
of the test section. Designfeatures of the tunnel are shownin
Figure i. Thetunnel is particularly suitable for researchin boundary
layer pressurefluctuations becauseit wasdesignedwith an acoustic
muffler in the stilling chamber(ref. 23) whichreducesbackground
noise andbecausethe chokedsecondthroat preventssoundpropagation
upstreamfrom the diffuser evenat subsonicspeedin the test section.
Thus, it provides the inherent advantagesof high test streamdynamic
pressurewith low backgroundnoise. Thefacility wasspecifically
modified for this studyto eliminate backgroundnoise normallyassoci-
atedwith chokedflow over the control valve. By connectingthe 8,000
ft3 reservoir of the tunnel with anadjacent26,000ft3 reservoir, it
is possible to operatewith stagnationpressureequal to reservoir
pressurethereby completelyeliminating chokedvalve noise. Thepiping
modification required to accomplishthis is shownin Figures 2 to 4.
A hydraulically operatedbutterfly valve wasinstalled in the 18-inch
line connectingthe two reservoirs. Boththis 18-inchvalve andthe
12-inch control valve wereoperatedsimultaneouslyas on-off valves for
the boundarylayer pressurefluctuation tests. Corrections for the
slight decayin stagnationpressureresulting from the abovemodeof
operationweremadeduring data reduction. Further details concerning
the windtunnel maybe found in ref. 35.

BoundaryLayerandStatic PressureMeasurements

Themeasurementsweremadeona 14.5-inch circular insert in the
side wall of the test section. Theturbulent boundarylayer developed
naturally for approximatelyeight feet upstreamof the measuringstation.
Pressuredistributions along the sidewall weremeasuredwith Statham
5-psid differential transducers(using a vacuumreference). Boundary
layer total pressuresweremeasuredusing a 3-_uberake (Figure 5).
Pressuresweresensedby Statham15-psiddifferential transducers. The
position of the rake wasvaried by meansof a traverse gear driven by
a 28-volt Globedc motorandwasmeasuredby a shaft position encoder
with a resolution of 36,000countsper inch of rake travel.

Static andtotal pressuredata werereducedto absolutepressures
onan II_M1620computerusing appropriatetransducercalibration factors



andambientpressures. Thestatic pressuredatawasalso reducedto
Machnumberby meansof the isentropic relationship betweenstatic and
stagnationpressure. Theboundarylayer total pressureswerereduced
to local Machnumbersandvelocities by the Isentroplc statlc_-to-stagna-
tion pressureratio at subsonicspeedsandby the Rayleighpitot formula
at supersonicspeeds. In both cases, the local Machnumberwascalcu-
lated using the static pressuretaken frsm the wall pressureorifice
nearestto the boundarylayer rakewhichwasunaffectedby the presence
of the rake. To calculate the velocity, constanttotal temperature
acrossthe boundarylayer wasassumed.

Thelocal-to-freestream velocity ratio within the boundarylayer
wasplotted as a function of distance frc_ the wall ona Benson-Lehner
Electroplotter, andvalues of 5 weredeterminedby setting y = 5 at u/ue
= .99. Typical boundarylayer velocity profiles are shownin Figure 6.
Valuesof other boundarylayer parametersweredeterminedas shownin
AppendixA.

Fluctuating PressureMeasurements

Boundarylayer pressurefluctuations weremeasuredby a series of
flush-mountedBruel andKJaerModel4136condensermicrophonesinstalled
in a secondinsert in the sidewall of the windtunnel. Figure 7 shows
the locations of the microphonesandan accelerc_eteron the test plate.
Figure 8 is a block diagramof the acoustic data acquisition system.
Duringthe first series of acoustic tests, the microphonesignals were
recordedin the FMmodeto provide data over the frequencyrangefrom
0.01 to i0 kcps. Duringthe final series of tests, the microphone
signals wererecordedin the direct recordmodeto provide data over
the frequencyrangefrc_ 0.i to i00 kcps. Mostof the acoustic data
presentedin this report wereobtainedduring the final series of tests.
Further information concerningthe acoustic data acquisition instrumen-
tation andprocedures,including discussionsof calibration procedures
andmicrophonevibration sensitivity, is given in AppendixB.

A typical wind tunnel run lasted for approximately15 seconds,
including tunnel starting andshut-downtime. Thefrequencyanalyses
of the acoustic data wereaccc_plishedby re-recording the data ona
multichannel continuousloop of approximatelyl0 secondsduration.
Thedata on a loop thus representedthat portion of the windtunnel
run during whichessentially steady-stateconditions prevailed.

In Figure 9 are block diagramsof the acoustic data processing
systemsthat wereusedfor the direct andFMrecordeddata. TheFMdata
frsn the first series of acoustic tests werereducedin one-third octave
bandsof frequency. Thedirect recorddata from the final acoustic
tests werereducedin octavebandsof frequency. For convenienceof



comparison, the one-third octave band levels have been converted to

octave band levels, and all the acoustic data in this report are pre-

sented as octave band levels.

Corrections were applied to the raw data to account for record and

playback characteristics of the acquisition and analysis system, for

the resonance of the condenser microphone at reduced ambien_ pressuresj

and for the finite size of the microphone diaphragm. Further informa-

tion concerning the derivation and form of these corrections is given

in Appendices B and C.

Model Description

In addition to the two sidewall inserts used for static and fluc-

tuating pressure measurements, other items of hardware are noteworthy.

Two-dimensional shock wave and pressure gradient generators were pro-

vided as shown in Figure i0. The shock generator spanned the height of

the tunnel and was simply rotated about one of two pivot points to

change the shock angle between 0 ° and I0 °. It was possible to obtain

expansion angles from O°to 5 ° also with the same arrangement using the

forward pivot point. The adverse pressure gradient generator was

originally designed by the method of characteristics to provide a

change in Mach number of about -1.O in eight inches along the sidewall

using the contour yp = 0.00551 x5 located three inches from the wall.

To eliminate choking in the channel betwcen the contour and the w_!l_

the generator was moved farther from the wall and the res_ting change

in Mach number was then equal to -0.8 in four inches. (See the section

entitled "Measurements" for other ramifications of this problem.)

A number of roughness elements were fabricated for investigation

of the effects of local perturbations on tunnel sidewall boundary layer

pressure fluctuation levels. These are shown in Figure ii. Four

thicknesses of two-dimensional roughness between O.O12 and 0.125 inch

were provided and a second O.125-inch strip was rounded on the leading

edge for comparison with the square leading edge. All were one inch

in width. A simulated half-scale window (Figure ii) with a thickness

of 0.050 inch was also provided.

Test Procedure

The supersonic test section was used for both subsonic and super-

sonic investigations. Clear tunnel measurements of turbulent sidewall

boundary layer pressure fluctuation levels, static pressure distribu-

tions, and boundary layer velocity profiles were conducted at subsonic

Math numbers of 0.43, 0.59, O.77,and 0.86 and at supersonic Mach

numbers of 1.41, 1.80, 2.52, and 3._6. Effects of shock wave boundary



la_er interaction, surface roughness elements, and favorable and adverse

pressure gradients on pressure fluctuation level were measured at Mach

3.46.

All pressure fluctuation measurements were made with tunnel stagna-

tion pressure equal to reservoir pressure. Stagnation pressure was
maintained nearly constant by using a 34,000 ft_reservolr connected to

the stilling chamber by two hydraulically operated butterfly valves -

a 12-inch diameter valve normally associated with the tunnel and an

18-inch diameter valve. These valves were used as on-off valves for

the pressure fluctuation tests. The resulting variation in stagnation

pressure during these tests varied frGm ± 6% at Mach number 0.30 to

± 12% at Mach 0.86 and ± 1.5% at Mach 3.56. Tunnel Mach number was

maintained constant during all runs, which normally lasted for 15

seconds. The deviation in sound pressure level as a result of the

stagnation pressure change was not readily discernible. Thus, the

pressure fluctuation level is referred to average dynamic pressure dur-

ing a run. Static pressure distributions and boundary l_yer velocity

profiles were measured using normal tunnel operation at constant

stagnation pressure. For these runs, Reynolds number was maintained

nearly constant at a value equal to the average value occurring in the

acoustic tests. Deviations in data introduced by the slight Reynolds

number variation of the acoustic tests are considered to be of second

order.

MEASUREMENTS

The primary data obtained in this experimental investigation is

the magnitude of wall pressure fluctuations as a function of frequency

for various types of turbulent boundary layers. Measurements were
limited to the frequency range 32 -_ f _ 88,000 cps. Results are pre-

sented and discussed for the zero pressure gradient or flat plate

turbulent boundary layer on an insulated wall in the range of free

stream Mach numbers 0.43 ._ M _ 3.46 and Reynolds numbers based on momen-

tum thickness and free stream conditions in the range l_ x 103 _ R@ _ 50

x lO 3. At one representative supersonic Mach number, Mach 3.46, the

effects of various strengths of shock and expansion waves impinging on

the boundary layer, surface roughness and favorable and adverse

pressure gradients on the magnitude of wall pressure fluctuation are

presented.

Boundary Layer Characteristics

To be useful for design purposes, wall pressure fluctuations ideal-

ly should be related to suitable characteristics of the turbulent

boundary layer which can be calculated or estimated by conventional



boundarylayer theory. In the presentexperiments,the boundarylayer
velocity profile wasmeasuredat a single station on the sidewall at
all test Machnumbers. This station waslocated four (4) inchesahead
of the centerline of the instrumentedside_all insert andcorresponded
to microphoneposition #4. (SeeFigure 7).

Non-dlmensionalvelocity profiles are shownin Figure 12. Using
the data reductionprocedurepresentedin AppendixA, boundarylayer
total thickness, displacementthickness, momentumthickness, andskin
friction coefficient havebeencalculated from the measuredvelocity
profile. Theseboundarylayer characteristics are presentedin Figure
13 as a function of free streamMachnumberandare tabulated in
Table1.

For the zeropressuregradient cases,estimatesof boundarylayer
characteristics at stations upstreamor downstreamof the measurement
station maybe madeusing the assumptionthat the velocity profile
shapeparameter,H, remainsconstantanddeterminingthe changein
momentumthickness frc_nthe m_nentumintegral equation (ref. 24).

d@
= cf/2 (1)

Estimated boundary layer characteristics at microphone position #1
(station +6.625) using this procedure are tabulated in Table 2.

No attempts were made in the present study to measure detailed

boundary layer velocity profiles for cases where the base or clear

tunnel boundary layer was disturbed by shock impingement, favorable or

adverse pressure gradients, and surface roughness. Instead, the
pressure fluctuation measurements for these cases have been referred

to the boundary layer characteristics in the undisturbed flow ahead of

the shock or roughness element.

Mach Number Effect

Mach number and static pressure distributions along the instrument-

ed sidewall insert are presented in Figure 14 (A-H) while wall pressure

fluctuation levels as a function of frequency are presented in Figures

15 to 21 inclusive. The study of these data indicates three separate

phenomena. At each Mach number there are a group of data points which

define a straight line with a rise of three decibels (3db) per octave,

indicating a constant spectrum above a certain frequency, up to the

highest measured (88kcps). At Mach numbers M = 0.43, 2.52, and 3._63

all microphones indicate this constant spectrum characteristic irrespec-

tive of microphone position along the plate.

I0



Theflat spectrumholds for all frequencybandsmeasuredexcept
for thosebelowlO00cpsat Math0.43, wherea relative maximumis
evident at aboutthe 100cps band. This samerelative maximumappears
at MachnumbersM= 0.59, 0.86, 1.41, and1.80. Also at Machnumbers
M= 0.59, 0.86, and1.41, and1.803a secondgroupof data points
indicate a pressurefluctuation level well abovethat corresponding
to a flat spectrumfor frequenciesbetweenthe 250-cpsoctavebandand
the 8000-cpsband. Thesepoints are mostprcminentat Mach1.41. How-
ever, at theseMachnumbers,the spectrumis again flat at frequencies
abovelO k cps.

For later convenience,these observedphenomenaare summarized
as follows:

Phenomenon
Phenomenon

Phenomenon

"a" - linear slope with 3 db rise per octave
"b" - elevated fluctuation levels between.25 and

8.0 kcps
"c" - relative maximumbelow0.25kcps

Thedatapresentedin Figures 15 through21 wereobtainedduring
three separateseries of tests in November,1962andJanuaryandMarch,
1963. In eachtest series, measurementsweremadeat all Machnumbers
notedabove. In eachseries, at Machnumbersbetween0.59 and1.80,
all three phenomenaweremeasuredwhereasat other Machnumbers
phenomenon"_' predominated.Thusat Mach1.41 for tests conductedin
November,microphoneposition #l showedphenomenon"a" andmicrophone
position#5 showedphenomenon"b". In the Marchtests at Mach1.41,
microphoneposition #l showedphenomenon"b" andmicrophoneposition
#5 showedphenomenon"a". Theabovemeasurementswererepeatedin each
test series with results foundto be repeatablewithin ± 1 db as shown
in Figure 18. Thus,no interchangeof phenomena"a" and"b" at any
givenmicrophonelocation during a single series of runswasever
observed. Noexplanationfor phenomena"b" and"c" maybe offered at
this time. It shouldbepointed out that they are not in conflict with
the workof other investigators, however,since they occur in a
frequencyrangebelowthat generally investigated andwhereavailable
datahasbeenconsidereduncertain. Somespeculationsregardingtheir
origin are presentedin "Discussion".

At Mach3.46, the data of Figure 21clearly indicate a flat s_ec-
trum over the entire frequencyrangefor whichmeasurementsweremade.
Thescatter in pressurefluctuation level asmeasuredat six different
microphonepositions (including #ll which is located 4 inchesbelow
the sidewall centerline) andseveral repeat runs is on the order of
± 3 db at anygiven frequency. Someof this scatter maybe associated
with the changein boundarylayer characteristics resulting from the

IT



changein Reynoldsnumbercorrespondingto the various microphone
locations.

Effects of ShockWaveImpingement

Basedon the workof Ribner (ref. 27) it is expectedthat impinge-
mentof a shockwave on the turbulent boundary layer should bring about

a marked increase in the surface pressure fluctuation level which is

due to the interaction of vorticity and entropy spottiness with the

shock wave. In order to determine whether such increases do occur,

several shock waves with flow deflection angles, _ _ between 0° and lO °

were impinged on the sidewall boundary layer at M = 3.46. Detailed

pressure distributions in the region of shock boundary layer interaction

exhibit the well known (refs. 28 and 29) steep, unbroken wall pressure

gradient over a distance of 25 for weak shock angles ( _ .< 2.5o); and

the occurrence of a pressure "plateau" for _ = 5 ° which increases in

extent for _ = 7.5 ° to indicate incipient separation. At _ = l0 °,

the shock strength was so large that the channel between the generator

and the side_all was probably choked as the result of the strong shock

and the reduced area ratio between the base of the generator and its

leading edge. Qualitative wall static pressure distributions for

various shock angles are presented in Figure 22. The data for _ = 0 °

indicate that in this configuration there was actually a weak shock of

1/2 ° deflection angle impinging on the side_n_ll boundary layer.

The effects of shock a_e on the fluctuating pressure level

spectra at several microphone locations are shown in Figures 23 through

25. The shock generator reference angle _ was set at 0o 3 5.0 °, and
?.5 ° . For convenience the theoretical point of impingement of the

shock and the region of expansion is given schematically in the upper

left-hand corner along with the microphone locations. In all three cases

the spectrum measured at microphone position #l is the same as for a

clear tunnel. However, the data indicate that the effect downstream

of the shock is quite pronounced.

Figure 23 presents the acoustic data for a shock generator angle

of 0°. The presence of phencmenon "b" in addition to phenomenon "a"

is indicated by the spread of the data points at frequencies below l0

kcps. Presumably this is due to the presence of the weak shock wave,

(approximately O. 5°) .

In Figure 24 are shown the results of runs conducted in January

and in March for a shock generator angle of 5.0 °. In both cases the

pressure fluctuation levels are greatly increased downstream of the

point of shock impingement, but the data are not as repeatable as
might be desired. This result may be due to a slight variation in

the shOck generator angle in the two runs. In one test the levels in

12



the area of microphoneposition #3, _, and_5wereraised abovethe
clear tunnel levels by 15 db, while in the other test the levels in this
regionwereraised i0 db. In both casesthe levels at microphoneposi-
tion #8 werelower than those at positions #3, #4, and{_ but higher
than thoseat microphoneposition #i which gives clear tunnel levels.

In Figure 25 are shown the results of runs conducted in January

and in March for a shock angle of 7.5 °. The results are much the same

as for the 5 ° shock angle case except that the levels in the vicinity

of microphone positions #3, #4, and _@5 were raised about 24 db above

clear-tunnel levels.

The microphone at position #4 was always downstream of the shock

wave and as shown above, the levels measured there were similar to the

levels measured at microphone positions #3 and #5. We may infer from

this that the pressure fluctuation levels downstream of the shock are

not strongly dependent upon distance from the shock in the region of

the steep pressure rise, but are strongly dependent upon the shock

strength as shown in Figure 26 where the pressure fluctuation levels

measured at microphone position {_ have been plotted for several angles

of the shock generator. Clear-tunnel measurements have also been

included for comparison. The data for _ = I00 are shown (although

the tunnel was probably choked, as noted above) to allow comparison of

levels in both separated and unseparated flows.

Effect of Pressure Gradients

The effects of pressure gradient on wall pressure fluctuation were

studied briefly at Math 3.46. Favorable pressure gradients were

obtained by simply rotating the shock generator until an expansion took

place. The static pressure and Mach number distributions are shown in

Figure 27. The adverse gradient was obtained by designing a curved

surface in an attempt to obtain a constant gradient at the wall. As

shown in Figure 28, the gradient was much steeper and was located
further downstream than desired.

The acoustic spectra for the favorable gradients are shown in

Figure 29 and 30 while Figure 31 is a favorable gradient summary at

microphone position_4. The data in Figure 31 for _ = 0 are identical

with the data in Figure 23 for _ = O and differ from the clear tunnel

data at the same microphone positions because of the presence of a mild

shock for _ = V = O. Figure 30 for _ = 5° reveals a curious corre-

spondence when compared with Figure 24, the spectra for _= 5 ° •

Although microphone #i (Figure 30) is located at the beginning of the

influence region of the expansion, its data are almost identical to

the data for _= 5° , which in turn reflect the clear-tunnel levels

shown in Figure 21. Data from microphones #3, #h, and #5 are nearly

13



the samefor both V= 5° and _ _ 5°_ particularly at the higher fre-
quencies. In the frequencyrangeO.125-4.0kcpsthere are somedevia-
tions, althoughthesedo not generally exceed3.5 - 4.0 db. Dataat
microphone#8 are the only onesto indicate a difference. For the case
of _ = 5° microphone#8 is at the beginningof the expansionregion
from the endof the wedge(Figure 22) andthe acoustic levels are
some4-5 db lower than the averagefor microphones#3, #4, and_ but
are still muchhigher than for clear-tunnel. For the expansioncase,

= 5o3the data showlower than clear-tunnel levels, the only
condition in the entire investigation that hasproducedvalues below
the basic clear-tunnel levels.

Theacoustic spectra for the adversepressuregradient are shown
in Figure 32. As canbe seenfromFigure 28, microphones#l, #3, '_4,
and/_ were essentially at clear-tunnel conditions and only microphone

#8 was in a disturbed region. Strangely, the pressure fluctuations at
microphone #8 (Figure 32) differ very little from clear-tunnel levels

despite the fact that the microphone is located at the very peak

pressure. This result may be due to the fact that precisely at that

location the adverse gradient meets a favorable gradient resulting from

the expansion at the base of the generator. Clearly, additional inves-

tigating of the effects of adverse pressure gradients is required.

Effects of Surface Roughness

In describing the aerodynamic effects which are due to the two-

dimensional roughness elements tested in this investigation, it can be

stated that conditions upstream are analagousto those with a forward-

facing step. Conversely, conditions downstream are those for a rear-

ward-facing step. Considerable background material exists concerning

the fluid mechanic effects of steps (refs. 30-34) although most investi-

gators have reported on flows over steps that are large compared to the

boundary layer thickness. In the case described herein, the steps

range in height from 0.017_ to 0.176 at M = 3.46 (nominal). Figure 33
(a) presents the pressure and Mach number distributions for the four

roughness thicknesses investigated and Figure 33 (b) compares the

distributions for a O.125-incn strip with blunt or rounded leading

edges. While the pressure orifices were not sufficiently dense to

describe the flow in detail, the measurements show the approximate
pressure levels and gradients at the various microphone locations. It

can be seen that there is little difference between the upstream effects

for the two smallest strips but in the region immediately downstream

the differences for all four strips are distinguishable.

Although the static pressures at microphone positions #l and #3

show an effect of roughness for all thicknesses, no appreciable effect

on local pressure fluctuations was observed (Figure 34) up to t = 0.025".
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A large effect wasnotedfor the O.050-inchroughnessas is shownin
Figure 135. Thedownstreamlevels are all raised roughly6 db above
clear-tunnel levels andthe upstreamlevels (at microphone#l) are
increasedup to 20 dbbelowthe 16kcpsoctaveband. In addition, the
upstreamlevels exhibit the behavior of clear-tunnel phenomenon"b".

Thelevels wereincreasedstill further with a O.125-inchrough-
ness, Figure 36. Thepressurefluctuation levels at microphonepositions
#4 and#8 are up l0 dbaboveclear-tunnel levels. Thelevels at micro-
phones#l and#5 are similar to eachother andshowthe phenomenon"b"
behavior, indicating as muchas 20db aboveclear-tunnel levels in the
lower frequencyrange.

Figures37and 38summarizethe effects Just upstream(microphone
#l) anddownstream(microphone#3) of the roughnessandcomparethem
to the clear-tunnel levels. For microphone#3, clear-tunnel levels
havebeenestimatedfrom the data of microphone#l.

Theeffect of roundingthe leading edgeof the 0.125-inch strip
wasnot conclusive (Figures 37and38), althoughthe levels upstream
appearto be slightly lower than for the blunt strip.

Figures39 and40present static pressureandfluctuating pressure
data, respectively, for a simulatedhalf-scale windowat M3.46. The
spacingof pressureorifices is limited but microphones#l, #73and#8
are seento be in relatively undisturbedregions. Microphone#3_1
(not shown),mightbe consideredto be influencedby the simulated
window,being aboutl-l/2 inchesbelowit andnearly 2 inchesbehind
the leading edge. Thefluctuating pressures(Figure 40) at microphone
#l are indeedunaffectedbut microphones#7 and#8 give levels 5-6 db
aboveclear-tunnel levels. Microphone#ll onceagainexhibits the
phenomenon"b" effects at frequenciesof 2 kcps andlower.

DISCUSSION

It is of interest to comparethe present results with previous
measurementsof wall pressurefluctuations. Perhapsthe mostc_nplete
measurementsare those of Willmarth (ref. 38) at subsonicspeeds. His
results at speedsof 206ft/sec showa spectrumwhich is almost flat to
fS*/u = 0.5 anda measuredoverall fluctuation level of_p2/To = 2.2

_2comparedto his previousmeasurementsof_p2/T_ = 2.3 to 2.5 (ref. ll).
Whencorrections to Willmarth's measurementsar_ madefor transducer
size in accordance_ Corcos'technique(ref. 25), the resulting
overall values areJ_n! _ = 3.5. In order to cemparethese results

"._ / "O

with our measurements, it is necessary to determine the contributlon
to the overall level of fluctuations contained in the frequency range
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up to fS*/u = 0.45, the range of frequency covered by our measurements

at M = 0.43. If this contribution is defined as a truncated mean square

pressure, _ the resulting valve fram ref. 38 is _ T = 1.9, when

transducer size corrections are included. Our measured spectrum at

M = .43, shown in Figure 15, has been integrated over the frequency

range 0 ! f -_ 44 kcps, yielding _ T o = 2.8 and _q = 7.5 x
lO -3.

Thus reasonable agreement with Willmarth's subsonic measurement is

exhibited.

At supersonic speeds, the only detailed measurements of spectra

which have been reported to date are those of Kistler and Chen (ref. 14).

They showed that their spectra could be brought into coincidence,

independent of Mach number in the range between M = 1.33 and M = 5, by

use of frequency in the non-dimensional form, f@/u_. Likewise they
showed that their measured values of overall fluctuation level _ere

almost independent of Mach number above M = 2 . Thus according to

their measurements, they found

_ / u_ Fu _ f9
p = oF(f)df u_ @ T2 @

(2)

O

where the value of the integral is approximately 25. Hence,

I =

S"
O

5 (3)

or

_= 5 YP_ M_ 2 cf (4)
2

Equation (4) exhibits the dependence of the root-mean-square

pressure fluctuation on skin friction coefficient, static pressure and

Mach number, when contributions from all portions of the spectrum are

present. Thus, the measurements of Kistler and Chen indicate that the

quantity_p_/ To increases from about 3 at subsonic speeds to about 5
at supersonic speeds.

A direct comparison of the present data with the measurements of

Willmarth and Kistler and Chen is shown in Figure 44. Reasonable agree-

ment is exhibited at subsonic speeds. The transducer size correction

contained in our data accounts for the deviation from Willmarth's curve

at the higher frequencies since this correction is not included in his
data. Our data falls below the previous supersonic measurements.
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Howevers the numeroustransducersandtest series representedby the
current measurementsandthe knowledgethat they are free fr_n vibration
effects lends credenceto the present results.

For some applications the contributions to_p 2 from limited fre-

quency intervals of the spectrum may be of interest e.g. in a measure-

ment in which there is a frequency cut-off, fc, imposed by instrumenta-

tion limitations. Similarly, the response of a structure may be negli-

gible beyond some cut-off frequency, fc. In such cases, we define a

truncated mean square pressure,

fc
_2

_m -- 7#o ;(f)df (5)

For measurements, fc is chosen so that the portion of the spectrum

from 0 to fc is practically flat, as indicated by the spectra shown in

Figures 15 to 21. Then,

2 2

2 fc = T° @ F°u-- _ To @
_PT = Fo u_ T 2@ fc = const u_ fc (6)

o

where F is the value of the spectral function in the flat portion.
Since o

u_= aoo M_ (7)

Equation (6) yields

_T ? p" 3/2 _c _= K 2 M_ cf -- (8)
vaoo

Based on the present measurements, the value of the constant K has been

determined to be approximately

K : 3.6 (9)

as shown in Figure 43. The data points shown in Figure 43 were obtain-

ed by integrating the spectra of Figures 15-21. In performing this

integration, phenomena "b" and "c" have been neglected since phenomena

"a" predominates in all cases at frequencies above lO kcps. Since both

the subsonic and supersonic data of the present study can be correlated

with a sini_e value of K, our results tend to indicate a relationship

between wall pressure fluctuation level and skin friction which is

independent of Mach number. Of course, our measurements are limited
to f - 88 kcps so that significant contributions to overall fluctuation

level may exist at higher frequencies which could alter this conclusion.
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At Mach3.46, the influence of various types of disturbancesto
the boundarylayer on the magnitudeof wall pressurefluctuation level
are summarizedin Table3. As indicated therein, shockwavesimpinging
on the boundarylayer produceincreasesin pressurefluctuation levels
as great as twenty (20) times the undisturbedcase. Within the
limited frequencyrangeof the measurements,the spectraagainare flat,
as shownin Figure 26. Thevalues of Vr_ shownin Table3 for shock
impingementwereobtainedby the integration_of these spectra.

Favorablegradients weregeneratedby a Prandtl-Meyerexpansionof
V= 2.5° and Y= 5° . In one case ( V = 2.5°), this favorable gradient

had little influence on magnitude of wall pressure fluctuation level,
whereas, in the other case ( y = 5° ) it increased the level by a factor

of five above the undisturbed case. The increase in local skin fric-

tion accompanying the favorable pressure gradient was not determined.

The adverse gradient of .96 psl/in produced no measurable change

in the magnitude of wall pressure fluctuation level. In these tests,
however, the microphone locations with respect to the pressure distri-

butions were not optimal. Hence, the effects of favorable and adverse

pressure gradient at Mach 3.46 from the present study must be consider-
ed inconclusive.

The influence of two-dimensional, square-edge_ roughness elements

on wall pressure fluctuations are found to be appreciable as shown in

Table 3. These elements increase the level of pressure fluctuations

at a location ahead of the elements (element downstream) by a factor of

six compared with the undisturbed case. This is shown by the measure-

ments presented in Figure 37 for cases where the element is large

enough in height to ensure that the normal shock ahead of the element

is upstream of the fixed microphone position #l (t _ 0.05"). Likewise,
the level downstream of the element is increased by as much as a
factor of five above clear-tunnel values.

In addition to the change in fluctuation level, the roughness ele-
ments modify the spectrum of the pressure so as to increase the fluctua-

tion level at intermediate frequencies. Thus it may be speculated that

the appearance of increased levels in the middle frequency range for

the undisturbed boundary layer, as shown in Figure 18 for btach 1.413

may be the manifestation of a relatively small local flow disturbance

arising from some change in tunnel configuration between the three

test series. The increase in levels over the entire frequency range

measured, shown in Figures 24 and 25 for shock angles _= 5° and 7.5 °
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andin Figure 30 for _ = 5°, maybe the manifestationof a relatively
larger flow disturbance. In these latter cases, the larger flow disturb-
ancemaygive rise to level increasesover a broaderfrequencyran_ge,
andtheseappearas uniformlevel increasesin the presentmeasurements.

In termsof conditions whichmaybe encounteredin flight at Mach
3.5 at 60,000ft. altitude, the results of this study indicate that
thin turbulent boundarylayers on insulated surfaces (R_= 50,000,cf
= 0.0011)will generatepressurefluctuation levels of magnitude_PT_
•015lbs/in 2 in the frequencyrangef <-88kcps. Howevers in the
neighborhoodof surface roughnesselementsor impingingshockwaves,
the pressurefluctuation levels increaseto _/2_o__0.10 and_p2__ 0.20
lbs/in 2 respectively.

CONCLUDINGREMA/_S

Results of the present experimentalinvestigation of turbulent
boundarylayer wall pressurefluct_atlons lead to the following
conclusions:

l, The modification of the blowdown wind tunnel, enabling operation

with stagnation pressure equal to reservoir pressure, produced a

facility which has satisfactory characteristics (low background

noise level)to enable boundary layer noise to be measured over the

Mach range 0.4 <_ M _- 3.5 in a single experimental arrangement.

2. Measurements under the zero-pressure gradient boundary layer are
in agreement with other results at subsonic speeds and indicate a

pressure spectrum which is flat to values of non-dlmensional

frequency fS*/u_= 0.45 and a truncated fluctuation level of

_q_ /To __2.8 for f __ h4 kcps.

3. Zero-pressure gradient results at supersonic speeds show pressure

spectra which are flat to fO/u_ .15 _nd truncated

fluctuation levels of _2/_ = 1.2 to 1.7 for f _- 88 kcps, a

frequency range to which _rac°tical vehicle structure can respond.

_o Measurements of the influence of favorable and adverse pressure

gradients on wall pressure fluctuation levels at Mach 3.46 are in-

clusive.

. At Mach 3.46, impingement of shock waves on the turbulent boundary

layer can increase the pressure fluctuation level by a factor of

twenty (20) above the undisturbed case.
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At Mach3.46, two-dlmensional,square-edgeroughnesselements
increasepressurefluctuation levels by a factor of five or six
abovethe undisturbedboundarylayer levels.



APPENDIXA - BOUNDAEYLAYERDATAEEDUCTIONPROCEDURES

Thecharacteristics of the turbulent boundarylayer on the sidewall
weredeterminedby measurementof the total pressureprofile andthe
local wall static pressure. Velocity ratio, u/u , wascalculated from
thesemeasurementsusingthe Rayleighpitot form_a. TheCroccorela-
tionship betweenvelocity s_ndtemperaturewasusedto define a mean
temperatureprofile. Sincemeasurementsof wall temperatureshowed
that the meanwall temperatureduring a lO-15secondrun wasequal to
stagnationtemperature,this relationship is simplified to:

=Tt e - (Tte-T e) (u)2 (_)
e

Using the normal boundary layer assumptions p = p (x) and the perfect

gas equation of state, the following expression for density profile is
obtained:

T_

.--£--= u 2 (._.)
Pe Tte - (Tte " Te)(U--e)

From the velocity and density profiles, the turbulent boundary layer

thickness, displacement thickness, and momentum thickness were evaluated

by use of the following equations:

y = 5 when u/u e = .99 (A3)

5* = /o (1- pu/p e Ue) dy (A4)

! ue = Pu (1 - u ) ¢7 (AS)
" PeUe e

H = 5*/e (A6)

Values of skin friction coefficient were determined by use of

Eckert's reference enthalpy method (ref. 36) which relates the

compressible flow skin friction coefficient to the incompressible

coefficient by the equation

of = (_)5/6 (i)l/6 (AT)
of. _

1
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wherethe incompressiblecoefficient is givenby Falkner (ref. 37)

cf____i0.006534 (AS)

In the above,

T

p_ = 9X--

and

Too

Tw +T_+2 .22 r 2-_ M _2T_

(Ag)

_ : ( )3/2 T_ + 2oom T' + 2oo (Alo)

The turbulent recovery factor is

r : (Pr')i/3 (All)

Values of b, 5*, @, cf, c fi and T o based on the above relations are

tabulated in Table 1 for each Mach number. All measurements of velocity

profiles were limited to clear-tunnel configurations at a station 4

inches upstream of the sidewall center line, i.e., no measurements were
attempted downstream of roughness elements or shock boundary interaction

regions.
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APPENDIXB

INFORMATIONONACOUSTICINST_/MENTATIONANDPROCEDURES

Theacoustic transducerusedto measureboundarylayer pressure
fluctuations wasthe Bruel andKJaerModel4136condensermicrophone.
With the protective grid removed,the microphonecanbemountedin a
flat plate with the outer surface of the diaphragmflush with the plate
sul_ace.

Themicrophoneswereinstalled utilizing compressed0-rings to
hold themin place andalso to providean adequateseal. Usingan
opaquethin straight edgein conjunctionwith a concentratedlight
source, it waspossible to align the surface of the diaphragmwith the
surface of the plate to within _ 0.0005inch.

A small annular gapexisted betweenthe edgeof the diaphragmand
the plate. In the earlier windtunnel runs, lacquerwasusedas a
filler to provide a completelysmoothsurface from the edgeof the
plate mountinghole to the diaphragm. Identical wind tunnel runs
weremadewith andwithout the gap filled with lacquer. Because the

noise spectra measured without the lacquer were indistinguishable

from those measured with the lacquer, the use of lacquer was discarded
in the later wind tunnel runs.

In the microphone installation, provision was msie for static

pressure equalization between the front and the back of the microphone

diaphragm by means of a small air passage. In order that equilibrium

be maintained across the diaphragm, it was necessary to seal carefully

all possible leaks to the outside of the wind tunnel. After some of

the earlier wind tunnel runs, it was discovered that some of these

seals may not have been airtight, thereby leading to a static pressure

differential across the diaphragm and a consequent reduction in

microphone sensitivity. Data affected by the apparent lack of pressure

equalization are considered suspect and are not presented in this

report.

A special low-noise cable adapter developed by Bolt Beranek and

Newman, Inc. was used to connect the microphone output to the input of

a suitable cathode follower. The cable adapter serves as a mechanical

isolator between the microphone and the cathode follower. When the

microphone is subjected to 1 g rms, the equivalent sound pressure level

at the cathode follower output is 85 db re 0.0002 microbar. By compari-

son, the use of a standard rigid adapter can exhibit an equivalent

sound pressure level as high as 145 db under similar conditions. The

special adapter introduces an overall loss in sensitivity which is 3 db
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greater than the standardrigid adapter. Themicrophonesensitivity
with the special adapter is -83 db re 1 volt/microbar measuredat the
cathodefollower output.

Duringseveral of the tests, the signal froma calibrated aceel-
erometerfasteneddirectly to the test plate (see figure 7) was
recorded, to permit calculation of the vibration-induced signal of the
acoustic transducer. Accelerationmeasurementsat a Machnumberof
0.86 indicated that the equivalent soundpressurelevel resulting from
microphonevibration sensitivity wasa maximumof 65db, in the octave
bandcenteredat 500cps. A reviewof the acoustic andvibration data
indicated a minimal signal-to-noise ratio of 45dbwasdueto vibration
sensitivity. Thusthere wasno needfor vibration isolation of the
instrumentedinsert from the remainderof the tunnel.

For linear reproductionof signal voltages in the desiredampli-
tude andfrequencyrange,the total load impedanceseenby the cathode
follower outputmustbe greater than 5 x 10* ohms. For this reason,
cablesutilized in this part of the systemwerekept undera maximum
length of l0 feet.

Themicrophoneswereacoustically calibrated by meansof a Bruel
andKjaer Model4220pistonphoneusedin conjunctionwith a BBNacoustic
coupler. This combinationprovideda referencesoundpressurelevel
of 128db, accurateto ± 0.2 db, at 250cps. Calibration levels were
notedandrecordedon tape at periodic intervals throughoutthe series
of noise measurements.

As mentionedin the bodyof this report, during the first series
of tests the data signals wererecordedin the widebandFMmodeof a
Precision Instrumentstape recorderusing a 5hkcpscarrier frequency,

409recordbandedge,and60 in/sec tape speed. Duringthe final
series of tests, the signals weredirect recordedona Mincomtape
recorder at 60 in/sec tape speed.

Systemrecord andplaybackcorrections weredeterminedby record-
ing sinusoidal signals on the datachannelsandplaying thesesignals
backthroughthe data processingsystem. This processwasof particu-
lar importancein the reductionof the direct record data since in this
casethe tape recorderplaybackamplifier with its playbackhead
compensatingnetworkwascircumventedto reduceelectrical noise. Also,
the graphic level recorder, usedas a read-outdevicefor the first
series of data, doesnot give a true nnsoutput for a randomnoise
input. Thelevel recorderwassuitably calibrated to generatean
appropriatecorrection to adjust the readingsto true rmsvalues.
Typical valuesof the systemcorrections are given in Table4.
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A sampleof the systemnoise floor wasalso recorded,analyzed,
andcc_paredwith the data. Nodata that are limited by the system
noise floor havebeenpresentedin this report. At reducedambient
pressures,the Bruel andKjaer Model4136condensermicrophoneexhibits
a resonancearound48kcps. Duringthe windtunnel tests the micro-
phoneswereexposedto static pressuresover the rangeof 0.5 to 18
lbs/in 2 absolute. It wasnecessary,therefore, to calibrate the micro-
phoneover this rangeof pressures,andapply a correction for the
changesin microphonesensitivity. Thepressuresensitivity of the
condensermicrophoneswasobtainedby the useof a Bruel and_jar Model
4142electrostatic driver. Themicrophoneanddriver wereplaced in a
sealedchamber,andthe microphonewascalibrated overa rangeof
static pressurefr_n O.1psia to 20psia. A sinusoidal signal was
usedto obtain the frequencyresponsefrom 0.1 kcpsto 100kcps, and
a constant-spectrum-levelrand_nnoise signal wasusedto obtain the
frequencyresponsein the three octavebandscenteredat 16, 31.5, and
63kcps. A typical set of responsecurvesgeneratedwith the sinusoidal
excitation is given in Figure 41, anda typical set of corrections for
onemicrophoneis given in Table 4.

Theacoustic datawerealso correctedfor the finite size of the
microphonediaphragm. Like the pressuresensitivity correction
mentionedabove_the finite size correction wasof importanceonly in
the octavebandsaboveS kcps. A set of the finite size corrections
for a particular Machnumberis also given in Table 4.

Thefinite size correction is basedonthe workof Corcos(ref. 25).
Hehascalculated the reduction in pressurefluctuation spectrumthat
is dueto the finite dimensionof the measuringtransducer. The
correction is expressible in terms of the dimensionlessquantity of
fL/uc, wheref is frequency,L is a characteristic dimensionof a
uniformly sensitive transducer, andUcis the turbulenceconvection
speed. For conveniencewehavereplotted Corcos'results for a round
transducerin Figure 42, whereit hasbeenassumedthat the convection
velocity, Uc, is 0.8 of the free streamvelocity, u_ . This result is
approximatelyvalid throughthe entire frequencyrangeof concernin
the present investigation. CorrectionsbasedonFigure 42havebeen
applied to all of the data in the presenttest. Aneffective trans-
ducerdiameterof 0.13 inch hasbeenusedto generatethesecorrections.
Thejustification for this choice of diameteris given in AppendixC.

TheCorcoslength correction utilizes measuredvalues of the one-
dimensionallongitudinal andlateral cross-spectral densities. In
order to determinewhetherthe Corcoscorrection, whichis basedon
subsonicdata, is valid for supersonicdata also, it is of interest to
inquire whetherthe eddysize at supersonicMachnumbersis the same
(on a non-dimensionalbasis) as the eddysize at subsonicMaehnumbers.
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Comparisonof Figure 14bof Kisler andChen(ref. 14) with Figure ii of
Willmarth (1962)(ref. 38) indicates that the eddysize in supersonic
flow is considerablylarger than in subsonicflow. In this casethe
Corcoscorrection wouldbe too large for supersonicflow becauseless
cancellation wouldoccurwhena larger eddypassesover the transducer
face than whena smaller onepasses. A quantitative evaluation of this
reduction requires the measurementof cross-spectral densities in
supersonicflow.

Theoverall uncertainty of the measurementsis _ 1 db at center-
bandfrequenciesof 16kcpsandbelowand! 3 db in the 31.5kcpsband.
Thedata in the 63kcpsbandis questionableandits accuracyis not
easily determinable.
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APPENDIXC

ESTIMATEOF_ EFFECTIVEDIAMEEROF_ CONDENSER
MICROPHONE

_heBruel andKJaerModel4136condensermicrophoneusedto meas-
ure the boundarylayer pressurefluctuations hasan overall nominal
diameterof 0.250 inch. Thediaphragmof this microphoneis essential-
ly a stretched andclampedmembrane"with a geQmetricdiameterof 0.170
inch. As wouldbe expectedwith a clampedmembrane,the microphone
diaphragmis moresensitive at its center than at its edges. Thefinite
size correction (seeAppendixB) assumesthat the microphonediaphragm
hasuniform sensitivity. Sinceour microphonedoesnot haveuniform
sensitivity, it is necessaryto determinethe diameterof an equivalent
microphonein order to apply the finite size correction. It is thus
necessaryfor us to formulatea definition of equivalenceandthen to
calculate the diameterof an equivalent uniformly sensitive microphone.

Theproblemof the microphonediameterbec_nesof importanceonly
whenthe wavelength of the soundmeasuredbecomescemparableto the
microphonediameter. For a grazing incidenceplaneprogressivesound
field, a wavelengthwill exist for whichthe surface integral of
pressuretimes diaphragmsensitivity will be zero; that is, the micro-
phoneoutput signal will be zeroas the wavepropagatesby the diaphragm.
It is proposedthat the diametersof twotransducersbe defined as
equivalentwhenat the samefrequencythey both give zero output signai
for a planeprogressivesoundwaveof grazing incidence.

Weshall assumethat the diaphragmof ourmicrophonehasa circu-
lar boundaryof diameterDwith its center at the origin of a cartesian
referenceframe. Weshall supposethat wehavea planeprogressive
waveof wavelengthh traveling at grazing incidenceacrossthe diaphragm
in the direction of the ordinate andthat the sensitivity of the
diaphragmis solely a function of the distance from its center. Our
job then is to evaluatethe following integral:

V = _A Po a(R) Icos_t cos 21-_+sin_t sin 2h-_]da

Thesecondterm is an oddfunction andthus clearly the integral is zero.

V = /_ P a(R) cos_t cos 2_y da
o h2%
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ThusweneeddetermineD so that

0 = /A _(R) cos _ da

We introduce polar coordinates, R and _ ,

= fo (2_R0 /oD/2 2_ _(R) cos " k sin _ ) RdR d_

0=
The integrals with respect to _ of all of the terms except the first
are zero. Thus the above becomes

o: /D/2oo(R) Jo (_R__)Rd R (ci)

In order Co evaluate the sensitivity function g (R) for the Bruel and

KJaer microphone type 4136, we make use of measurements made of this

quantity on a model of a large Bruel and KJaer microphone type _131.

Bruel and KJaer show that just below the resonant frequency of the

microphone the sensitivity near the edge of the diaphragm is down 20

decibels below the sensitivity at the center (ref. 39) Using this

information we propose the following empirical formula for _(R).

If we substitute equation (C2) in equation (Cl) and integrate we obtain

_D _D 2 _D _D
0 = Jl (-7) I(1 - b) (-7) + 4b ] -2b (-7) Jo (-_) (C3)

If we substitute the empirical value for b of 0.9 and solve for the

first significant root of equation (C3) we obtain

_ = 4.89 (c4)
k

In order to determine the diameter of a uniformly sensitive equivalent
diaphragm we set b = 0 in equation (C3) and obtain

J1 (_) : o (c5)
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The first significant root of equation (C5) gives

_De
= 3.83 (C6)

We determine the equivalent diameter from equations (C4) and (C6).

3.83
De = .170 x _ : .133 inches
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TABLE 3

INFLUENCE OF VARIOUS DISTURBANCES ON

WALL PRESSURE FLUCTUATION LEVEL AT M = 3.46

Type of Disturbance

No disturbance

1/2 ° Deflection Shock

R@ = 50,000

q To

2.5 ° Deflection Shock

5° Deflection Shock

7.5 ° Deflection Shock

Normal Shock

dp/_x = -.19 psi/inch

dp/dx = + .96 psi/inch

t = .125" Downstream

t = .125" Upstream

4.3

9.6

23.3

37.2

10.7

1.8

12.0

lO.5

3.9

8.7

21.2

33.8

9.7

1.7

10.9

9.5
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TABLE

EXAMPLEOFCORRECTIONSAPPLIEDTORAWDATA

Positive numbersrepresentadditions to rawdata values.

Typical direct record corrections*

OctaveBandCenter
Frequency,kcps

o.o16
o.o315
0.063
o.125
o.25o
o.5oo
i.oo
2.o0
4.oo
8.oo

16.oo
31.5
63.0

WBFMSystem
Corrections•
All Data,

db

+6

+4

+3.5

3.5

2.5

2.5

1.5

1.0

0.5

0.5

System
Corrections

db

5.5

O.C

-5.0

-9-5

-Z4.5

-20.0

-23.0

-25.0

-22.0

-18.5

Pressure-

dependence
Corrections

db

0

0

0

0

0

0

0

0

0

0

1

-7

-lO

Finite

Size

Corrections

db

0

0

0

0

0

0

0

O

0

O

1

2

4

*microphone serial number 77315, wall static pressure 2.58 psia, data

track 2-loop track 1.
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ONE-FOOT
TUNNEL

SCHEMATIC OF MODIFICATIONS TO THE AIR SUPPLY SYSTEM

FOR TESTS OF BOUNDARY LAYER PRESSURE FLUCTUATIONS

6"AIR SUPPLY LINE TO ONE-FOOT RESERVOIRS

t !i !
tll I
IJl I
II

10" AIR SUPPLY LINE ADDED FOR CURRENT TESTS ,ll i
Ill I

NORTH RESERVOIR
TRISONIC ONE-FOOT TUNNEL

SOUTH PAIR OF RESERVOIRS

OF FOUR-FOOT TUNNEL--_

FIGURE 2

I'1 i SPECTACLE
ii I
,, I , VALVE

I!

II

i
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t FULLY EXTENDED POSITION I

, ._FLOW

RETRACEDPOSITION-_

_" 0.060O.D., 0.038 I.D. TUBING /
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o.o041J4_ _ ,_ \'_

SECTION A-A (ENLARGED) A

0.750
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STA X _4

TEFLON INS

I
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FIGURE 5 SKETCH OF BOUNDARY LAYER TOTAL HEAD PROBE
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NOISE PLATE SHOWING POSSIBLE LOCATIONS OF MICROPHONES ANDACCELEROMETER

?
//

\\
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M-12,051

PIVOTPOINT FOR f_= 0°.2.5°

AND FOR .= 2.5°& 5°

II

0.625

0.50 PIVOT POINT FOR_ - 5°, 7.5 &
I0°

3.875
7.260

18.700

(A) SHOCKAND EXPANSIONWAVEGENERATOR STATION X 0

0.750

Yp

i8.450

(B) ADVERSEPRESSUREGRADIENTGENERATOR
STATIONX - 0

FIGURE 10 INSTALLATION DETAILS OF SHOCK WAVE AND PRESSURE GRADIENT GENERATORS AT

M 3.46
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3 0.050
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FIGURE 27- VARIATION OF STATIC PRESSUREAND MACH NUMBERWITH DISTANCE ALONG
THE SIDEWALLCENTERLINE IN THE PRESENCE OF AN EXPANSION ATM 1_3.46

(ILLUSTRATION INDICATES THE EXPANSION LOCATION AT ,._ 5°.)
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